1. Crude y8-dioxovalerate was synthesized from laevulinate by two different methods and was purified by Sephadex chromatography. Some analytical reactions of the compound are described. 2. yS-Dioxovalerate is a substrate for glyoxalase I and the GSH derivative formed by this enzyme is hydrolysed by glyoxalase II to form D-x-hydroxyglutarate. The Km of glyoxalase I for y,6-dioxovalerate is 1.0 x 10-3 mat pH5.8. 3. The u.v.-absorption spectrum of thiol ester, synthesized enzymically from y8-dioxovalerate and GSH by glyoxalase I, is almost identical with that for S-lactoylglutathione. Some optical properties of this thiol ester were measured. 4. Attempts to show reversibility of the glyoxalase system reactions with D-ax-hydroxyglutarate as substrate were unsuccessful.
In the course of investigations of the metabolism of a-ketoaldehydes and their role in the regulation of cell division it was found that y8-dioxovaleric acid, one of the possible natural x-ketoaldehydes, can be a substrate for the glyoxalase enzyme system (glyoxalase I, S-lactoyl-glutathione methylglyoxal-lyase EC 4.4.1.5 and glyoxalase II, S-2-hydroxyacylglutathione hydrolase EC 3.1.2.6). This compound, presumably derived by transamination of 8-aminolaevulinate (Nemethetal., 1957; Neuberger & Turner, 1963; Kissel & Heilmeyer, 1969) has been postulated previously as an intermediate in the formation of succinate in the so-called succinate-glycine cycle. From earlier literature it is known that extracts from certain animal tissues, bacteria and yeasts contain 'ketoaldehyde mutase' (a mixture of glyoxalase I and II and GSH) and convert y8-dioxovalerate into D-oc- hydroxyglutarate (Neuberg & Collatz, 1930; Mayer, 1931; Fujise, 1931 ). The precise nature of the biochemical reactions by which y8-dioxovalerate is transformed is not known, although one might suppose that this o-ketoaldehyde, like methylglyoxal, can react via glyoxalase I and glyoxalase II to form the corresponding D-oc-hydroxy acid (see Scheme 1). Possible natural substrates for glyoxalase I and glyoxalase II previously tested include methylglyoxal (Racker, 1951) , phosphohydroxypyruvic aldehyde (Weaver & Lardy, 1961) and hydroxypyruvic aldehyde (Reeves & Ajil, 1965) .
In the present paper we report the enzymic formation of the GSH ester of y8-dioxovalerate by the action of glyoxalase I and the breakdown of this GSH derivative by glyoxalase II. Also described are some reactions and properties of y8-dioxovalerate Vol, 135 and S-oc-hydroxyglutaryl-GSH. A preliminary report of these results has been published in abstract form (Jerzykowski et al., 1971a (1890) and that of Kissel & Heilmeyer (1969) . Crude preparations were further purified by chromatography on Sephadex G-10 columns as described in the text. Methylglyoxal was prepared from glyceraldehyde (Reanal-Finomvegyszergyar, Budapest, Hungary) by the method of Patterson & Lazarow (1955) . The concentration of this compound in the distillate was determined by the method of Friedemann (1927 (1927) . These compounds were also determined with ophenylenediamine by the method of Milligan & Baldwin (1967) O.r.d. (optical rotatory dispersion) measurements were made with a Jasco model ORD/UV-5 opticalrotatory-dispersion recorder (Japan Spectroscopic Ltd., Tokyo, Japan).
Results

Preparation of yS-dioxovalerate
Laevulinic acid was brominated to form 3,5-dibromolaevulinic acid. After crystallization this compound (m.p. 114QC) was hydrolysed to give y8-dioxovaleric acid as described by Wolff (1890) . However, the product always contained some impurities and chromatography showed at least three substances, probably isomers of y8-dioxovaleric acid.
One of these substances inhibited the glyoxalase I reaction. A crystalline ketoaldehyde was not prepared, but a sufficiently pure substance was obtained after chromatography on a column ofSephadex G-10.
The crude y8-dioxovaleric acid (300mg) was placed on a column (1.1 cm x 65cm) of Sephadex G-10 and the ketoaldehyde was eluted with water; fractions (2ml) were collected. The eluate was analysed for ax-ketoaldehyde by the method using o-phenylenediamine (at 336nm), a-methylindole (at 543nm) and the reaction with glyoxalase I and GSH (at 240nm). A single peak was detected at about 37m1 by all three criteria. The fractions with highest concentration of yS-dioxovaleric acid were taken for further investigations. y8-Dioxovaleric acid was also obtained by the method of Kissel & Heilmeyer (1969) . This product, purified by Sephadex chromatography as described above, in the reaction with glyoxalase I did not differ from the product obtained by the method of Wolff (1890).
Preparation of dinitrophenylosazone and dithiosemicarbazone
The 2,4-dinitrophenylosazone and dithiosemicarbazone of y8-dioxovalerate were prepared as described by Neuberg & Collatz (1930) and Veibel (1931) . They melted at 245-2471C and 224-225C respectively, values which are in agreement with those previously reported (Kissel & Heilmeyer, 1969; Veibel, 1931; Neuberg & Collatz, 1930 Friedemann (1927) . This method was used to determine the concentration of y8-dioxovalerate in all preparations. Owing to the presence of a carboxylic grouping in the yS-dioxovaleric acid, the soluble compound was neutralized before the Friedemann (1927) reaction was carried out. It should be noted that the y8-dioxovaleric acid concentration calculated from this neutralization reaction was in agreement with the results obtained by the method of Friedemann (1927) .
(2) y8-Dioxovalerate gives a quantitative reaction with o-phenylenediamine by the method described by Milligan & Baldwin (1967) for methylglyoxal. The absorption spectrum was identical with that obtained with methylglyoxal and o-phenylenediamine. Some optical properties of the reaction product of y8-dioxovalerate in analytical conditions are: u.v.-absorption maxima, 336, 244 and 213nm; the e of the quinoxolinate (the product of the condensation of o-phenylenediamine and ac-ketoaldehyde) E = 9.0 X 103 litre * molP' -cm-at 336nm. In the same conditions the E for methylglyoxal was 8.2 x 103 litre molh1cm-at 336nm.
(3) Both methylglyoxal and y8-dioxovalerate give identical colour reaction with a-methylindole. The absorption spectra were also identical (Amax. = 543 nm) but the molar extinction coefficient for methylglyoxal was approximately 3.5 times that for y8-dioxovalerate (in analytical conditions described by Dische & Robbins, 1934) .
Stability of y8-dioxovalerate to acid and alkali
The ac-ketoaldehydes are very labile under certain conditions. On standing at pH 10 (adjusted with NaOH), y8-dioxovalerate rapidly loses its activity as a substrate for glyoxalase I (Fig. 1) . Under comparable conditions methylglyoxal undergoes intemal oxidation-reduction to form lactate. At pH 2 in HCI y8-dioxovalerate was stable for at least 2h.
Reaction ofy&-dioxovalerate with glyoxalases Racker (1951) demonstrated that the glyoxalase reaction involves two different enzymes. Glyoxalase I catalyses the reaction between the GSH and a suitable cx-ketoaldehyde to form a GSH ester with an absorption maximum at 235nm, and glyoxalase II hydrolytically cleaves the ester to form a D-oc-hydroxy acid and free GSH. By using y8-dioxovalerate as substrate we have been able to demonstrate the glyoxalase I and glyoxalase II reactions. Fig. 2 shows that this compound is a substrate for glyoxalase I and that the thiol ester formed is hydrolysed by glyoxalase II. The similarity of this enzymic reaction to the comparable reactions of methylglyoxal (Racker, 1.5,umol of neutralized GSH, 270,umol of phosphate buffer, pH6.8, and 0.1 ml (1 ,umol) of ySdioxovalerate in a total volume of 3 ml. The reaction was started by addition of 0.1 ml of glyoxalase I (about 0.15 unit). When the glyoxalase I reaction was completed 0.2ml of glyoxalase II (about 0.25 unit) was pipetted and the decrease in absorbance at 240nm was recorded. The reference cuvette contained phosphate buffer. The glyoxalase I and glyoxalase II were added as indicated in the figure at arrows (1) and (2) respectively. (Martius, 1955 Stability and some other properties of S-ac-hydroxyglutaryl-GSH S-cx-Hydroxyglutaryl-GSH was more labile than S-lactoyl-GSH. S-a-hydroxyglutaryl-GSH is stable in neutral solutions, but it was rapidly destroyed as a substrate for glyoxalase II at pH 1.5 and 9.0 and also in boiling water. Some optical properties of this thiol ester in neutral solution are: Ama. 235 nm; E = 2940 litre mol-Icm-1 at 240nm.
Effect ofpH fon glyoxalase l andglyoxalase IIactivities
To examine the pH-dependence of glyoxalase 1 with yS-dioxovalerate as substrate a series ofmeasurements in 0.1 M-phosphate buffer covering the pH range 5.0-8.0 were performed. An optimum over the range pH 5.4-6.0 was obtained. For comparison the pH-dependence with methylglyoxal as substrate was also examined (Fig. 3) . The pH-dependence of glyoxalase II with hydroxyglutaryl-GSH and lactoyl-GSH as substrates is given also in Fig. 3 . 1973 yVD-IOXOVALERATE AS A SUBSTRATE FOR GLYOXALASES mediates but nonenzymically and in small quantities (Riddle & Lorenz, 1968) . In considering possible natural substrates of the glyoxalases, Elliott (1960) has shown that methylglyoxal is a product of the deamination of aminoacetone and has postulated that the glyoxalase system may participate in a cycle for the degradation of glycine and threonine (see, e.g., Elliott, 1958; Urata & Granick, 1963) . However, it should be pointed out that the reaction ofthe formation of methylglyoxal from aminoacetone was found only for an enzyme from ox plasma, and the so-called 'disappearance' ofaminoacetone, in which the formation of methylglyoxal has been postulated, occurs only in some tissues and some animals (see, e.g., Green & Elliott, 1964; Urata & Granick, 1963) . Hence it is possible that the other a-ketoaldehydes occur as substrates of the universally distributed glyoxalase system.
Among the possible natural substrates for the glyoxalase system that had been considered but not yet tested was yS-dioxovalerate. The putative succinate cycle, postulated by Shemin and co-workers (Nemeth et al., 1957) and subsequently completed by Tubbs & Greville (1961) , involves the conversion of 8-aminolaevulinate into y8-dioxovalerate. This oc-ketoaldehyde can be metabolized into D-a-hydroxyglutarate and this substance dehydrogenated by D-ac-hydroxy acid dehydrogenase, possibly yielding a-oxoglutarate. Oxidative decarboxylation of the oc-oxoglutarate and the condensation of 8-aminolaevulinate from glycine and succinyl-CoA completed the cycle. As to whether this cycle takes place in animal tissues, it may be noted that the yS-dioxovalerate can be formed from 8-aminolaevulinate by a number of animal tissues (see, e.g., Kowalski et al., 1959; Spryshkova & Poznanskaya, 1966; Kissel & Heilmeyer, 1969) . From earlier literature it is known that extracts of certain animal tissues and cells converted y8-dioxovalerate into D-a-hydroxyglutarate (Neuberg & Collatz, 1930; Mayer, 1931; Fujise, 1931) . Further evidence for these reactions is given in the present paper. y8-Dioxovalerate can be converted into S-hydroxyglutaryl-GSH, with kinetic values comparable with those ofmethylglyoxal, and further into D-a-hydroxyglutarate by glyoxalases, enzymes universally distributed in animal tissues. D-a-Hydroxy acid dehydrogenase has been shown to be also present in various mammals, and bearing in mind the wide substrate specificity of this enzyme (Tubbs & Greville, 1961; Cammack, 1969) , there seems to be a strong possibility that D-a.-hydroxyglutarate is also a natural substrate, yielding further ac-oxoglutarate (Scheme 1).
Another possible way in which yS-dioxovalerate may be formed was considered by Tait (1968 Jerzykowski et al. (1971a) . (3) Indirect evidence is provided that an a-hydroxy acid dehydrogenase is active against a number of a-hydroxy acids (Tubbs & Greville, 1961; Cammack, 1969) . (4) Transaminationreaction evidence is provided that yS-dioxovalerate may transaminate with alanine and glutamic acid giving 8-aminolaevulinate, and 8-aminolaevulinate may transaminate giving y8-dioxovalerate (Kowalski et al., 1959; Spryshkova & Poznanskaya, 1966; Kissel & Heilmeyer, 1969; Jerzykowski et al., 1971b) . (5) Indirect evidence is provided that an ax-ketoaldehyde dehydrogenase may be active against y8-dioxovalerate (Monder, 1967; Jerzykowski et al., 1971c) . (6) tion from yS-dioxovalerate, it was suggested by Tait (1968) that this latter substance is formed from another intermediate, not 3-aminolaevulinate, and could more probably be converted into 8-aminolaevulinate and further into porphyrins. If this is true, then the reaction demonstrated by us, and hence the glyoxalases and GSH, may possibly play some role in the regulation of porphyrin synthesis by the conversion of some part of-yS-dioxovalerate into tricarboxylate-cycle intermediates. However, the metabolic significance of the reaction described in this report is still to be elucidated. It has been postulated (e.g. Szent-Gyorgyi et al., 1967 ) that ac-ketoaldehydes may have a special function as regulatory molecules in cell division. They also possess anti-tumour activity (Jerzykowski et al., 1970) . Study of the precise function of y8-dioxovalerate in metabolism from this point of view could prove of value.
